Abstract-Passive wireless sensing of Co-60 gamma radiation using fully-depleted silicon-on-insulator (FDSOI) variable capacitors is demonstrated. A linear relationship between resonant frequency and radiation dose is observed for water-equivalent doses up to 100 Gy, with a frequency change per unit dose of −2.02 kHz/Gy. These results show FDSOI technology has the potential to realize ultra-small passive wireless radiation dosimeters with high sensitivity for a wide range of medical and security applications.
be performed using ac measurements and, when included as part of an LC resonator circuit, wireless telemetry [11] . While radiation-sensitive variable capacitors (varactors) have been demonstrated using MOS capacitors [12] , [13] , these devices are not well suited for in vivo medical applications due to their low capacitance per unit area, and their fundamental trade-off between radiation collection volume and capacitance tuning range.
For these reasons, fully-depleted silicon-oninsulator (FDSOI) technology emerges as an attractive choice for in vivo radiation dosimetry. For FDSOI devices, radiation-induced charge can be collected in the thick buried oxide layer while readout can be performed using the top-gate capacitor. The separation of charge collection and readout makes it possible to achieve high sensitivity and high capacitance per unit area simultaneously. Dosimetry using SOI MOSFETs has been investigated previously in [14] [15] [16] and, more recently, we performed extensive studies of capacitance-based dosimetry of Co-60 radiation using FDSOI varactors [17] and provided guidelines for optimizing the sensitivity. In all of the previous FDSOI dosimetry demonstrations, only "wired" measurements were performed. However, passive wireless sensing using FDSOI varactors should be possible by integrating with an inductor to form an LC resonant circuit. While we performed a design analysis that provided guidelines for optimizing the sensitivity and quality factor of FDSOI varactor-based dosimeters in [16] , to date, a wireless dosimeter based upon FDSOI has not been demonstrated. In this work, we report the fabrication of a fully wireless, passive radiation dosimeter based upon FDSOI technology, and demonstrate wireless operation using Co-60 radiation.
II. DEVICE CHARACTERIZATION FDSOI radiation-sensitive varactors are based upon the concept whereby radiation induces trapped charge in a buried oxide (BOX) layer, and this charge changes the electron concentration of the conducting channel in the thin SOI layer. This concentration change in turn shifts the equivalent capacitance of a top gate electrode to the SOI layer. The SOI layer must be lightly doped or undoped and be sufficiently thin so that the gate can respond to the accumulated charges, which in our experiments appear at the bottom interface of the SOI layer [17] . The devices used in these experiments were fabricated in the Minnesota Nano Center at the University of Minnesota using commercial SOI wafers purchased from 0018-9499 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. SOITEC with a 200-nm-thick BOX layer. The varactor fabrication utilized a non-self-aligned process, and started by thinning the intrinsic SOI layer and then forming isolation regions by patterning mesas and then etching down to the BOX layer. As + ion implantation was then performed to form contact regions and then after annealing, a 7-nm-thick dry thermal SiO 2 gate oxide was grown. Contacts to the source and drain regions were then formed by patterning and lifting off 10 nm of Ti and 190 nm of Al. Finally, gate metallization of Pd/Ti/Al (10 nm/10 nm/180 nm) was patterned. The final SOI thickness in the channel region was ∼20 nm. Here, Pd was used as the gate contact metal due to its high work function, which is needed to shift the threshold voltage of the devices to near 0 V. In this way, the capacitance will change upon initial exposure to radiation at zero gate bias, a requirement for passive sensing. Due to the non-self-aligned fabrication process, the gates had about 100 nm of overlap with the source/drain implants. In order to realize devices with sufficient capacitance for high sensitivity, while also maintaining high quality factor, Q, the devices utilized a multi-finger geometry as shown in Fig. 1 . Devices with nominal gate lengths of both 3 μm and 4 μm were used in this study, while all devices had 120 gate fingers with finger width of 3 μm. The wireless radiation sensing measurements were performed in the following manner. The FDSOI varactor chip was mounted and wire-bonded onto a header on which a handwound solenoid inductor (the "sensor inductor") was soldered so as to form an LC resonant circuit. A second hand-wound inductor (the "read inductor") was then positioned close to the sensor inductor and connected to an Agilent 4291B impedance analyzer. The impedance of the read inductor was then monitored vs. frequency, and using the technique described in [18] , the resonant frequency, f res , of the sensor was then determined as the frequency at which a peak in read inductor resistance occurred. A key challenge for the wireless radiation dosimeters is the fact that very little radiation-induced charge is trapped in the BOX when the substrate bias, V bg , is zero. Therefore, a positive substrate bias needs to be applied to create an electric field across the BOX, which reduces electron-hole pair recombination, thus increasing the fractional yield and leading to reasonable sensitivity. Despite this requirement, fully passive, wireless sensing can still be achieved, because the substrate bias does not produce any leakage current and thus does not dissipate power. Therefore, a simple charge storage device such as a supercapacitor or an electret can be used to produce the substrate bias. In this work, in order to fully characterize the dosimeter properties, the wireless dosimeters were tested using two configurations which are shown in Fig. 2 . The first is a "partially wireless" configuration shown in Fig. 2(a) . Here, while the readout is performed wirelessly, the substrate bias is produced using a Keithley 2450 voltage source. However, in later experiments, a precharged supercapacitor was utilized for the substrate bias to create a "fully wireless" sensor ( Fig. 2(b) ).
Prior to performing the wireless measurements, the highfrequency characteristics of the stand-alone varactors were characterized. The impedance magnitude and phase angle was measured from the impedance analyzer and the equivalent series-connected capacitance and resistance values were determined. As shown in Fig. 3(a) , the gate capacitance, C g , vs. gate voltage. V g , (relative to the source/drain electrodes) was measured for different values of V bg . As V bg is increased, the C g vs. V g curve shifts leftward, as expected. In this way, the substrate bias mimics the effect of radiation, since both contribute positive substrate charge which produces a negative threshold shift. Most importantly, the data in Fig. 3(a) show that, provided the substrate voltage is not too large, the varactor can be appropriately tuned so that the capacitance at zero top-gate voltage (V g = 0) will increase upon initial exposure to radiation. Fig. 3(b) shows the varactor equivalent series resistance vs. V g at different values of V bg . The resistance provides an indication of the Q that can be obtained in these devices, and the following paragraph provides additional discussion of this issue.
After the initial stand-alone device characterization, the varactors were then wire-bonded to an inductor and measured using the "partially wireless" setup in Fig. 2(a) . In order to verify the basic wireless sensor operation, near-field wireless readout measurements were first performed for different substrate bias values before any radiation was applied. Fig. 4(a) shows the read inductor resistance vs. frequency for V bg = 0 to +6 V. The resonant frequency was extracted by fitting the read inductor resistance vs. frequency data using a parabolic function, and the frequency that gives the highest resistance was defined as the resonant frequency. It is observed that the resonant frequency decreases with more positive V bg , consistent with expectations for increasing capacitance according to the expression: f res = 1/2π √ LC, where L is inductance and C is capacitance. Fig. 4(b) shows the resonant frequency (extracted from Fig. 4(a) ) vs. the capacitance (at V g = 0 V extracted from Fig. 3(a) ), further confirming this trend. Taking into account the parasitic component of the capacitance, the resonant frequency can be determined by
, where C var is the variable portion of the capacitance, and is a function of V bg (in this Fig. 3(a) . The black points are the experimental data, while the red line is the theoretical fit. set of measurements) or radiation dose (in actual radiation experiments), C par is the parasitic (non-variable) capacitance and L is the inductance of the sense inductor. C par and L have fixed values and can be extracted by fitting the frequency vs. capacitance data as shown by the red line in Fig. 4(b) . For this device, the best fit was found for C par = 5.3 pF and L = 830 nH.
The value of Q was also determined from the experimental data in two separate ways: directly from the wireless measurements and by analyzing the stand-alone varactor data. Using the wireless measurement data in Fig. 4(a) , the Q value was determined by comparing the resonant frequency to the resonance bandwidth using Q ≈ f res / f F W H M , where f F W H M is the full width, half maximum bandwidth [18] . The quality factor can also be extracted using the resistance and capacitance values from Fig. 3 . Here, Q can be determined from the expression: Q = √ L/C/R, where R is the total resistance in the circuit. Fig. 5 shows the Q-factor at different values of V bg , where Q measured was extracted from Fig. 4(a) and Q calculat ed was calculated from the resistance and capacitance values in Fig. 3 . The overall trend of Q vs. V bg is consistent with previous simulation results [19] , though the Q value here is much smaller due to larger gate length. The difference between Q calculat ed and Q measured in Fig. 5 could be due to uncertainties in the actual varactor resistance, which is likely since at the measurement frequency of 60 MHz, the reactance is much larger than the resistance, and therefore, small errors in the phase angle could lead to noticeable change of R. 
III. EXPERIMENTAL RESULTS
In this section, the wired and wireless radiation experiments are described. For all radiation experiments, a similar device to the one described above was utilized. In this case, a 4-μm gate length, 120-finger varactor was used to conduct the radiation experiment. The devices were irradiated and measured in real time using a commercial GammaKnife Co-60 clinical therapy unit, where a customized mount was utilized to allow the varactors to reside at the center of the focused radiation spot. The accuracy of the device positioning in the beam was confirmed using radiochromic film (Gafchromic TM EBT2, Ashland, Inc.). To irradiate the varactor, the patient couch was moved so that the device in the mounting assembly was at the focus point of the radiation beam. Once again, the stand-alone varactor was first characterized to confirm the capacitance change under radiation and then connected to the sensor inductor and measured wirelessly. During the experiment, the real part of the read inductor impedance (i.e. the resistance) was measured using a continuous frequency scan with repetition rate of 10 seconds. All radiation doses quoted are for water in units of Gy (Joules per kilogram of water), and can be converted to Gy[SiO 2 ] by multiplying by 0.897 [20] . Fig. 6 shows the C g vs. V g characteristic of the device at different substrate bias values ranging from V bg = 0 V to +10 V. Similar to the 3-μm gate-length varactor, the capacitance at V g = 0 V was found to increase with more positive V bg . This indicates that the capacitance will also be modulated by irradiation and was further confirmed by performing "wired" capacitance measurements under Co-60 irradiation. These measurements found that the rate of change for the capacitance was about 1.4 fF/Gy at a substrate bias of V bg = +5 V. This sensitivity was subsequently used to interpret the wireless radiation measurement results, as will be discussed later.
Next, the "partially wireless" test setup in Fig. 2(a) was used to determine the resonant frequency shift under Co-60 irradiation at V bg = +5 V. Fig. 7(a) shows the read inductor resistance vs. frequency at different radiation doses up to 80 Gy. Clearly a leftward shift of the peak resistance is observed with increasing dose, consistent with increased capacitance, as expected. Fig. 7(b) shows the extracted resonant frequency vs. dose during radiation, while the inset shows the resonant frequency before and after radiation. The dose rate for these measurements was 2.96 Gy/min, corresponding to an irradiation time of ∼30 minutes for 90 Gy, comparable to the stability tests performed before and after the experiments, where no radiation was incident on the sample. Only a minimal amount of drift is observed over time without radiation, while a linear change in resonant frequency is observed in the device during radiation exposure. From the slope of the resonant frequency vs. dose curve, a sensitivity of −2.53 kHz/Gy is extracted. The change in the resonant frequency is consistent with the capacitance change described earlier, as also shown in Fig. 7(b) , where the blue line shows the predicted resonant frequency vs. dose. Overall, the results from the wired and wireless measurements are consistent with each other.
While the use of the "partially wireless" test configuration provides a convenient method of demonstrating the wireless sensing concept, the use of an external power supply to provide the substrate bias is impractical since it negates the primary purpose of the wireless readout mechanism, which is the ability to perform in vivo sensing. However, as mentioned previously, since the substrate bias does not dissipate any power, the voltage supply can be replaced by a simple charge storage device. We therefore used a 2 mm ×3 mm ×1 mm size supercapacitor with total capacitance of 11 mF as shown in Fig. 2(b) , and repeated the same measurement sequence using the same FDSOI varactor. The supercapacitor was pre-charged before connecting to the varactor and provided a constant substrate voltage of +2.6 V. This bias value was verified before and after irradiation. The wireless radiation sensing results using this "fully wireless" configuration are shown in Fig. 8 . Similar to the results in Fig. 7 , the read inductor resistance vs. frequency curve shifted leftward as radiation dose was increased (Fig. 8(a) ), resulting in a linear decrease of resonant frequency vs. radiation dose as shown in Fig. 8(b) . The slightly lower sensitivity of −2.02 kHz/Gy, is likely due to the reduced substrate bias provided by the supercapacitor (V bg = +2.6 V) compared to the voltage supply (V bg = +5.0 V). This result is consistent with previous results on FDSOI MOSFET [16] and varactor dosimeters [17] . However, a more complete assessment of the substrate bias dependence on the sensitivity for wireless dosimeters is still needed.
IV. DISCUSSION
These results provide a convincing demonstration of the feasibility of the FDSOI technology for realizing compact, passive wireless radiation dosimeters. Furthermore, considerable optimization of the sensors is possible due to the highly non-optimized design of our current sensors. In particular, the sensitivity in our devices is limited by two main factors: (1) the high ratio of parasitic capacitance to variable capacitance and (2) the low charge collection efficiency of the BOX layer. Regarding (1), the large parasitic capacitance is a result of our non-self-aligned fabrication process as well as the parasitics associated with coupling of the large bond pads to the substrate. Therefore, the utilization of a self-aligned process should minimize the capacitance associated with the overlap of the gate and the source/drain implants. Furthermore, by utilizing a monolithic design, where the inductor and varactor are integrated onto the same chip, and by further using a high-resistivity substrate and a more sophisticated design for the varactor metallization, the parasitic capacitance associated with the large bond pads and chip header could be eliminated. This on-chip component integration would also greatly reduce the final size of the sensor, which could be beneficial for clinical use. Concerning issue (2), we showed previously that our devices have relatively low hole collection efficiency (∼7%) at V bg = 5 V [17] . Therefore, the possibility exists to increase the charge collection efficiency of the BOX layer [21] , either through intentional trap precursor generation or by simply utilizing a thicker BOX layer. Increasing the BOX thickness should increase the sensitivity [17] , both due to the larger collection volume as well as reduced parasitic capacitances. However, the substrate bias would also have to be increased proportionally to maintain constant electric field across the BOX, and so some practical limitations could exist as to how effective increasing BOX thickness might be in improving sensitivity. Nevertheless, we estimate that the combined effect of each of the possible optimizations could increase the sensitivity by up to 100×.
An additional means to improve the sensor performance would be to increase the Q value, since the minimum frequency change that can be detected in the near-field wireless readout scheme is limited by the obtainable Q. In particular, it can be seen from the data in Figs. 7 and 8 that the quality factor decreased substantially from Q ∼ 25 in the "partially wireless" configuration to Q ∼ 8 in the "fully wireless" setup. The main intrinsic factor that limits Q in our devices is the relatively large gate length, which increases the equivalent series resistance. Our previous calculations in [16] have shown that much higher Q values can be achieved by utilizing multifinger devices with sub-micron gate lengths. However, several extrinsic factors also were found to affect the quality factor. In particular, the integration of the supercapacitor, which caused a dramatic reduction of Q, is of particular concern due to its importance for realistic device configurations. We have performed extensive modeling of the high-frequency characteristics of the supercapacitor and have found that the Q degradation can be linked to its relatively low high-frequency input impedance (compared to the external voltage supply which has high input impedance). Circuit simulations show that if an additional ∼ 10 k resistor is connected in series with the supercapacitor, it can be effectively decoupled from the LC resonant circuit, thus restoring the original Q. Through these techniques, we believe that additional improvements in the accuracy can be achieved. The accuracy and ease of use could also be increased by implementing more sophisticated wireless readout techniques such as those described in [22] .
Finally, we provide a discussion of the dynamic range of the sensors. Given the non-idealities in the current sensors, we estimate that the minimum measureable dose is relatively high, on the order of ∼ 1 Gy. The maximum dose applied in our measurement was 100 Gy, and we estimate that doses as high as 500 Gy should be measurable for our current devices while maintaining reasonable linearity [16] . With improvements in the sensitivity described above, it should be possible to reduce the detection limit to below 1 cGy, though this could also result in a reduction in the upper detection limit. In this regard, it should be noted that the substrate bias could be used as a "knob" to intentionally tune the sensitivity of the detector to match the intended detection range. For high-dose applications, a lower substrate bias could be used, while the substrate voltage could be increased when low-dose measurements are needed. It is difficult to compare the sensitivity to RADFETs and OSLDs, due to the different transduction mechanism, however, it is reasonable to suggest that the minimum detectable dose should be similar between FDSOI varactors and RADFETs since both rely upon the same fundamental physical mechanism for operation. On the other hand luminescent dosimeters have demonstrated sensitivity down 0.01 cGy [23] . While it is unclear whether or not our wireless sensors can ultimately achieve this sensitivity, it is important to reiterate that the main advantage of FDSOI technology is not in its minimum detectable sensitivity, but rather in its capability for real-time wireless readout and extremely-small form factor, both of which are difficult to achieve using competing technologies.
V. CONCLUSION
In summary, a passive wireless radiation sensor based upon FDSOI has been demonstrated, and this work paves the way for the realization of ultra-small wireless dosimeters that have broad applications for medical and homeland security applications.
